Abstract-In this paper, we develop a virtual platform of a manned submersible vehicle carrying an underwater manipulator to animate operation tasks under the deep sea. The models of the vehicle and the manipulator refer to the structures of the "Jiaolong" deep manned submersible vehicle and a master-slave servo hydraulic manipulator, respectively. The master-slave manipulator with 7 functions developed by Shenyang Institute of Automation (SIA), Chinese Academy of Sciences, is able to perform operation tasks below the ocean's surface 7000 meters. The platform is a powerful multi-purpose tool: First, it can be used for training an operator to telepresence operate the virtual manipulator to complete basic tasks under the deep sea by coordinating a cradle head, the manned submersible vehicle and the underwater manipulator; Second, it can be used to test or to validate motion control methods for operating the submersible and manipulator. In order to demonstrate the feasibility and effectiveness of the virtual platform, we present two typical underwater operation tasks: picking-up a rock sample and making a mark.
INTRODUCTION
The application of robotics research to explore ocean resources and energy under the deep-sea is very challenging. Underwater manipulators, placed on underwater vehicles, including unmanned remote operated vehicle (ROV), autonomous underwater vehicle (AUV), and human occupied vehicle (HOV), are essential tools for remotely or autonomously conducting complicated, difficult, and even dangerous tasks in the deep sea. For example, a HOV, which can carry a marine scientist down to the deep sea environment to observe, analyze, evaluate the sea scene personally, allows the scientist to control an underwater manipulator to accomplish a variety of operation tasks [1] . The outstanding representative of the China manned submersible vehicles is "Jiaolong," which has been operating for scientific investigation at the deepest sea -below the ocean's surface of 7000 meters. Numerous times of its maneuvers demonstrated its safety and reliability at its maximum designed submerged depth research due to its superb performance in acoustic communication, automatic control and its extraordinary ability to the deep-sea operations, so "Jiaolong" becomes one of the most important high-tech equipment for exploring ocean seabed resources and conducting scientific investigation in China, for example, one of its missions is to operate underwater manipulators below the ocean's surface of 7000 meters for taking samples or laying underwater equipment at given positions. "Jiaolong" promotes the development of the deep-sea technology of China.
However, proficiently remote operating the underwater manipulator mounted on the "Jiaolong" manned submersible vehicle is an arduous task. In order to virtually simulate the processes of its underwater operations, we develop the virtual platform of the manned submersible vehicle carrying the underwater manipulator using Webots [2] . The virtual platform provides an operator of the manned submersible vehicle with a low-cost and safe training environment in which the operator practices a variety of manipulator operations. The models of the vehicle and the manipulator refer to the structures of "Jiaolong" and the master-slave manipulator with 7 functions developed by SIA. This master-slave underwater manipulator, which is able to perform operation tasks below the ocean's surface of 7000 meters, is an essential deep-sea tool for taking samples, laying underwater equipment at given positions, etc. The virtual platform, including the cradle head, the manned submersible vehicle, and the underwater manipulator, challenges an operator how to proficiently coordinate them to accomplish operation tasks. The virtual platform is a valuable tool for investigating and evaluating motion control methods for the submersible and manipulator. For developing the virtual platform, we address the geometrical and kinematic models of the master-slave underwater manipulator. In order to demonstrate the feasibility and effectiveness of the virtual platform, we present the two typical underwater operation tasks: picking-up a rock sample and making a mark in the deep sea.
II. PROBLEM STATEMENTS
An operator needs to go through comprehensive training processes, before pratically operating the underwater manipulator placed on a manned submersible to perform operation tasks in complex seabed environments, such as on a seamount, on an ocean ridge, on a sea basin, near a hydrothermal vent, etc. Trainning the operator by using a real manned submersible vehicle to carry out underwater operations in the deep sea is not only exeperive, but also dangerous, so it is necessary to develop the virtual platform to realistically simulate the processes of underwater operations. However, most of the existing virtual underwater manipulators [3] [4] [5] used for training the operator do not incorparate with the manned submersible vehicle.
Currently, the research on motion control methods for submersibles [6] [7] [8] [9] and underwater manipulators [10, 11] mainly remains in theoretical analysis and numerical simulation stage because operating the real submersibles and underwater manipulators are of high cost and dangerous. In this paper, we use the 3D robot simulation software packageWebots [2] to develop the virtual platform for the master-slave manipulator incoprated with the submerible. The virtual platform, including the cradle head, the manned submersible vehicle and the underwater manipulator, is an economic and safe tool for graphically validating a motion control method for the submersible and underwater manipulator before it is applied to the real submersible and underwater manipulator.
III. DEVELOPMENT OF THE VIRTUAL PLATFORM
The Webots software package is a three-dimensional simulator, developed by Ceberbotics Ltd, for fast prototyping and realisticly simulating mobile robots. It allows a user to create 3D virtual worlds with physics properties such as shape, color, texture, mass, etc. The user can design mobile robots with passive or active features. A large choice of simulated sensors and actuators is available for a robot model. Webots helps reducing the amount of time and hardware spent in developing mobile robotics applications and allows focusing on the most interesting parts of their robotics projects and hence achieves more advanced results. In this paper, we use Webots to develop the virtual platform.
A. Model of the Manned Submersible Vehicle
The virtual model of the manned submersible vehicle for the platform refers to the structure of the "Jiaolong" deep manned submersible vehicle with a shark-like shape, which realizes movements with six degrees of freedom in the space [12] , including translational and rotation along the three axes of x, y, z. The thrusters provide thrust vectoring of different directions for the submersible, including four ducted thrusters distributed in the stern of the submersible crisscross as the main thruster, one tunnel thruster located in the bow of the submersible, two ducted thrusters located in both sides of the submersible. There is a cradle head in the bow of the submersible to observe its surroundings and to find a target during its missions. There is a X-shaped stabilizer fin in the stern and a access/excess hatch on the top of the submersible. There are three observing windows in the bow, including one main observing window and two side observing window. A trainned operator is able to use the master arm to remotely control the slave manipulator to carry out underwater operations smoothly and safely by observing submersible surrondings and configurations of the slave manipulator through the main window.
We implement the "Jiaolong" virtual model using a tree of nodes defined in a Webots' world environment: Robot note, Shape node, Appearance node, Transform node, Camera node, and Servo node. A Robot node is created as the basis for building the virtual "Jiaolong" and all the components of "Jiaolong" are its children. The geometry and appearance of each component are defined by its Shape node. The headlamps and the access/excess hatch are represented by geometrical primitives: box, capsule, or cylinder, due to their simple structures, while the complex main body of "Jiaolong" is modeled by the IndexedFaceSet node, which represents a 3D shape formed by polygons with a list of vertices. We use an Appearance node to specify the visual attributes, white color and image textures with the word "Jiaolong," which are attached to the main body. We use a Transform node, including a translation vector and a rotation matrix to transform to configure the pose position and orientation of each component. Some other attributes, such as Physics, bounding objects, etc. can also be applied to each component. A Servo node added to a joint forms a degree of freedom (DOF) for a mechanical simulation. The joint placed between the parent and children nodes move the children objects with respect to their parent. We apply a Servo node to each thruster to simulate its rotation. We apply two Servo nodes to the cradle head to implement its motion of yaw and pitch and a Camera node to get information from the virtual world. We develop a controller in C language for the Robot node to control the movements of six degrees.
B. Model of the Underwater Manipulator
With the increasing emphasis on the marine exploitation in the world today, the rapid development of the marine industry puts forward a high requirement for underwater operations in technology. An underwater manipulator is an indispensable tool for underwater operations, and its performance can mainly determine the overall operational capability of an underwater vehicle system. Underwater manipulators can be divided into an electric manipulator and a hydraulic one according to the driving modes. Currently, the hydraulic manipulator is the mainstream tool for underwater operations. In order to perform underwater operations below oceans surface of 7000 meters, SIA developed the master-slave servo hydraulic manipulators with 7 functions, as shown in Fig.  2(a) . Our virtual manipulator refers to the model of the master-slave servo hydraulic manipulator, as shown in Fig.  2 (b). For our virtual platform, we place the virtual underwater manipulator at the lower of the submersible bow. The manipulator consists of six rotary joints and one parallel gripper with eight axes of rotation. The manipulator operations are performed by controlling the shoulder yaw, the shoulder pitch, the elbow pitch, the forearm rotation, the wrist yaw, the wrist rotation, the gripper releasing and gripper gripping. The parameters of each joint are listed in TABLE I [13] .
1) Coordinate system
In order to control the manipulator, we develop its kinematic model according to the D-H notation [14] , which describes the spatial relationship between two adjacent links with a 4 4 homogeneous transformation matrix. We define the coordinate systems of connecting rods to the underwater manipulator with 7 functions [15] , as shown in Fig. 3 . We deduce the corresponding homogeneous transformation matrix of the gripper coordinate system relative to the reference coordinate system. The parameters of each connecting rod to the manipulator are listed in TABLE II, where i represents the number of the connecting rod.
2) Kinematics
The homogeneous transformation matrix representing the relationship between i th and i-1 th coordinate system can be determined according to the defined D-H coordinate systems shown in Fig. 3. A point r Each of the above transformation can be expressed by a basic homogeneous rotation-translation matrix, and the product of these four basic homogeneous transformation matrices yields a composite homogeneous transformation matrix i-1 A i as follows: 
We divide the working space of the manipulator into a reachable working subspace and a flexible working subspace. The flexible working subspace is defined by a set of points which the end gripper can reach in any orientation. If a manipulator is of less than six degrees of freedom, its volume of flexible working subspace becomes zero. Controlling the underwater manipulator with six DOFs to move its end gripper to a given point under a desired configuration needs the manipulator inverse kinematics. Because the closed-form solution to the manipulator inverse kinematics delivers the calculation with high speed and efficiency, the manipulator is so designed that its back three adjacent joint axles are intersected at a point called the origin of the wrist. Giving the orientation and position of the end gripper, solving i from the equations "(9)-(20)" yields the analytical solution to the manipulator inverse kinematics [10] .
The wrist with three DOFs usually has the following four forms defined by the bent structure (B) and the rotational structure (R): BBR, BRR, RBR and RRR. The manipulator with seven functions adopts the RBR type, so the back three joints determine the pose of the end gripper and the front three joints determine the position of the wrist origin. Avoiding the collision of each joint is one of operation requirements to decide the connecting rod parameters and the motion range of joint variables.
The virtual manipulator is a child of "Jiaolong" Robot node.
Since the mechnical structure of the manipulator is complex, we construct it using the SolidWorks software, save it as VRML97 format, and import it into the Webots environments.
The corresponding attributes to the virtual manipulator include exterior color (green) and an image texture about the product marking. The cascading structure is adopted to construct the virtual manipulator, i.e., the second connecting rod is the child of the first connecting rod, the third connecting rod is the child of the second connecting rod, and so on. In order to implement the manipulator kinematics, we add a "rotational" type of Servo node between every two adjacent rods and set the rotational torque and rotation range value of each Servo node. There are eight "rotational" types of Servo nodes in the gripper to maintain the gripping parts parallel status during operation. The virtual manipulator and manned submersible vehicle share the same controller.
IV. MODEL VALIDATION AND EXPERIMENT
In order to test the virtual platform, we remotely control the underwater manipulator to carry out two typical operation tasks: picking-up a rock sample and making a mark. We use the buttons on the keyboard to operate the cradle head, the manned submersible vehicle, and the underwater manipulator. The allocations of buttons (Buts) to the corresponding operations (Ops) and are listed in TABLE III.
1) Picking-up a rock sample
Because sampling a seabed target is an essential operation of the manipulator placed on the manned submersible vehicle, the first experiment presented herein is to pick-up a rock sample with an irregular shape. We have the settings of the Webots world for this operation below: setting the skyColor to blue; defining a parallel light with its ambientIntensity 2.0 and its castShadows with TRUE, and its direction {1.8, -2, -1.5}; displying the sea surface with an image texture; displying a submarine slope using an irregular polyhedron with an image texture; placing a rock with an irregular polyhedron with black texture; adding three cameras in the virtual environment to observe the operation process: 1. The cradle head motion in the upper-left window of Fig. 4(d) the upper-middle window of Fig. 4(d); 3 . The gripper motion of in the lower-left window of Fig. 4(d) . The upper-right window of Fig. 4(d) shows the surrondings taken by the cradle head. The process of picking-up the rock is described as follows. An operator sails the manned submersible vehicle to the rock on the submarine slope and operates the manipulator to pick it up, as shown in Fig. 4(a) -4(d) .
2) Making a mark
Laying underwater equipment at a given position on the seabed is another important task of the underwater manipulator placed on the manned submersible vehicle. Before laying the equipment, we need to make a mark at the given position, so the second experiment presented herein is to mark a red circle at the given position. This operation task needs to solve the inverse kinematics in real-time [10] to obtain a set of corresponding configurations while drawing the circle. We have the settings of the Webots world for this operation below: setting the skyColor to blue; displaying a "sand" area with sand image texture; defining a pen with a cylinder shape and red ink as a child of gripper node (please note that the pen can only work over a textured plane); adding four cameras in the virtual environment to observe operation process. The first three cameras are the same as those used in picking-up a rock sample experiment, but the fourth camera records the operation result, as shown in the lower-right window of Fig. 5(d) . The experiment process is described as follows: the operator sails the manned submersible vehicle to the given position and operates the manipulator to mark a circle on the seabed sand, as shown in Fig. 5(a) -5(d) .
V. CONCLUSION
In this paper, we develop a virtual platform of the manned submersible vehicle "Jiaolong" carrying the underwater manipulator. The experimental results show that the platform can animate operation tasks under the deep sea, so it is powerful tool to train the operator to remotely conduct operation tasks and to investigate control and planning algorithms for underwater operations. Our further research is to use a real master arm to operate the virtual manipulator to establish a master-slave control loop, which makes training more realistic. We will implement the dynamic models of the underwater manipulator in the virtual platform to evaluate different control strategies, including FUZZY P + ID controller [16] [17] [18] .
